High-grade glioma is a highly malignant and metastatic brain cancer, resistant to many existing anticancer treatments. In such glioma cancer cells, the glucose-regulated protein 78 kDa (GRP78) is particularly highly up-regulated. Former studies have thus targeted mutation-free GRP78 not only to detect glioma cancer cells specifically but also to enhance cytotoxic effect. We focus on cell surfaceexpressed GRP78 as a target for suppressing high-grade glioma cell lines. Glioblastoma multiforme (GBM) cell line, highly malignant glioma cells, was first injected into 5-week-old athymic mice to confirm and compare GRP78 expression in vivo in xenografted and normal brain tissue. Immunofluorescence and immunoblotting were utilized to detect surface-localized GRP78 in diverse high-grade glioma cell lines. By treating glioma cell lines with the polyclonal N-20 antibody against surface-localized GRP78, we subsequently studied the significance of surface GRP78 to the survival and growth of the glioma cell lines. We found that inhibiting the function of surface GRP78 suppressed cancer cell survival and growth proving that the surface-expressed GRP78 is a vital receptor involved in the proliferation of high-grade glioma. Our findings provide opportunities to target surface GRP78 as a biomarker for high-grade glioma and to develop effective cell-specific anticancer therapy.
Despite advances in anticancer therapy, glioma remain difficult to treat. The complex multiforme nature -the genetic heterogeneity and pleomorphic cells -make the tumour difficult to target and highly resistant to current cancer therapies. Such cancer treatments have additionally targeted biomarkers of glioma that are capable of mutating 1 . Thus, suppression of tumour survival and growth through receptor inhibition is a promising method to potentially treat gliomas.
Such invasive characteristics of glioma are known to be regulated by the glucose-regulated protein 78 kDa (GRP78), a member of the heat shock protein 70 family. GRP78 predominantly resides in the endoplasmic reticulum lumen where it plays an important role in proper assembling of proteins and targeting misfolded proteins for proteosomal degradation 2 . However, recent studies have found highly elevated GRP78 expression in tumour microenvironments, resulting in active translocation of GRP78 to the surface of cancer cells 3 . It is on the surface of highly invasive tumour cells where GRP78 has been postulated to assume proliferative roles 4 . Surface-localized GRP78 has been reported to promote tumour survival, invasion and resistance to cell apoptosis in breast, liver, prostate, colon and gastric cancer cell models in vitro [5] [6] [7] [8] [9] . Consequently surface GRP78 is strongly implicated to mediate signal transduction pathways inducing cancer cell viability and metastatic ability.
Our study investigates the effects of inhibition of surface GRP78 in high-grade glioma cell lines. First, to confirm the expression of GRP78 in glioma cell line in vivo, we injected cells of U-87 MG human glioblastoma multiforme (GBM) which accounts for 80% of all malignant brain cancer, into 5-week-old athymic mice and compared GRP78 expression in xenografted and normal brain tissue. We then performed an immunoblot to confirm high expression of GRP78 in several select high-grade glioma cell lines. Expression of surface GRP78 in the high-grade glioma cell lines was detected by immunocytochemistry and immunoblotting. To subsequently study Scientific RepoRts | 6:34922 | DOI: 10.1038/srep34922 the significance of surface GRP78 in tumour survival and growth, we treated the high-grade glioma cell lines with a polyclonal antibody N-20 against surface GRP78, thereby neutralizing its function.
Results

GRP78 highly expressed in GBM of xenografted brain mice model. The profile of gene expression
shows that among the normal central nervous system (CNS) tissue, brain tissue has the lowest average expression of GRP78. However, among cancer tissues, glioblastoma, a highly malignant and metastatic type of glioma, has the greatest up-regulation expression of GRP78 (Fig. 1A and Supplementary Figure S1) . By western blot, we confirmed the expression of GRP78 in the high-grade glioma cell lines utilized in this study. Upon comparison to the human lung adenocarcinoma cell line, A549, which is known to highly express GRP78 10 , the high-grade glioma cell lines (Hs 683, T98G, U-373 MG, A172 and U-87 MG) likewise displayed high expression of GRP78 (Fig. 1B) .
To confirm the higher expression of GRP78 in GBM cell line than in normal tissue in vivo, we generated xenografted mice by injecting GBM cells (U-87 MG) into the right striatum of 5-week-old athymic mice. We found a high expression of GRP78 in the GBM of the brains of xenografted mice 28 days post-injection (Fig. 1C) , indicating that the up-regulation of GRP78 in high-grade glioma cell lines is likewise shown in xenografted animal models.
GRP78 expressed on the cell surface of high-grade glioma cell lines, and surface-localized GRP78 interaction with neutralizing antibody. GRP78 of several cancer cells is known to be expressed on the cell surface while normal cells typically express GRP78 only within the cell 2, 9 . To locate where GRP78 was localized on our high-grade glioma cell lines, we performed an immunocytochemistry assay and immunoblotting using a monoclonal GRP78 antibody. As expected, GRP78 expression appeared not only in the cytosol but also on the surface of A549 cells 10 (Supplementary Figure S2A ,B) and the high-grade glioma cell lines ( Fig. 2A) . Isolation and immunoblotting analysis of whole cell lysates, cytosol and plasma membrane protein further confirmed the localizations of GRP78 in both the plasma membrane and cytosol of the glioma cell lines (Fig. 2B ). The efficiency of plasma membrane and cytosol protein isolation was analysed by detecting epidermal growth factor receptor (EGFR) and total-c-Jun N-terminal kinase (t-JNK) respectively. The polyclonal N-20 antibody against GRP78 is known to neutralize surface GRP78 signalling 6, 11, 12 . To examine the effect of the inhibition of surface GRP78 on the survival and growth of high-grade glioma cell lines, we treated the polyclonal N-20 antibody into the cells. Prior to this, we first confirmed the exclusive interaction of polyclonal N-20 antibody with surface GRP78 by staining the high-grade glioma cells with a secondary antibody conjugated to a fluorescent dye. We found that the antibodies were bound to GRP78 located on the cell membranes of all glioma cell lines (Fig. 3) . These results imply that surface GRP78 of high-grade glioma has no mutation at the N-terminal, the epitope for the N-20 antibody, and that surface localized GRP78 functions as a receptor.
Treatment of surface GRP78 with antibody N-20 suppresses high-grade glioma cell line survival and population growth. To identify whether surface GRP78 expression is involved in cancer cell survival and growth signalling in high-grade glioma cell lines, we treated polyclonal N-20 antibody into the cell lines and measured tumour cell viability by an MTT cytotoxicity assay. The percentage of survival of the treated glioma cell lines markedly decreased compared to that of the goat IgG isotype treated controls (Fig. 4A) . We also found (Fig. 4B) . The remaining human GBM cell lines, U-87 MG and T98G, almost halved in population growth rate upon polyclonal N-20 antibody treatment. As expected, we found a greater reduction in growth rate for the lower pathological cell grade; the anaplastic glioma cell lines exhibited higher suppression of cell growth than the GBM cell lines. The rate of population growth of the glioma cell lines 7 days post treatment with the IgG-control did not change. These results suggest that surface GRP78 plays a role of cell proliferation in high-grade glioma.
Discussion
Normal brain tissues have lower expression of GRP78 than other normal tissues. However, among cancer tissues, glioblastoma has the highest expression of GRP78 (Fig. 1A) . It has additionally been reported that GRP78 expression increases with pathologic grade level of glioma 13 . This overexpression of GRP78 in high-grade glioma is considered strongly associated with glioma progression, thus we investigated the up-regulated GRP78 in high-grade gliomas and its significance in tumour survival and growth. We found that GRP78 was abnormally localized on the cell surface of such cells, accounting for the high expression of GRP78 in particularly glioma cells. There was additionally no mutation found on the epitope for the inhibitory antibody (Figs 2 and 3) . Upon treatment of polyclonal N-20 antibody into glioma cells that were cultured on a coverglass, we found that the surface GRP78 exclusively interacted with the polyclonal N-20 antibody. This interaction between surface GRP78 and polyclonal N-20 antibody implies that the surface localized GRP78 may function as a receptor involved in glioma proliferative signaling and can thus be suppressed through binding with N-20 antibody. Polyclonal N-20 antibody has been reported to block the receptor function of cell surface GRP78 11, 12, 14 . Indeed, inhibition of surface GRP78 by polyclonal N-20 antibody treatment suppressed glioma cell survival and growth, showing great potential for use in cancer-specific therapy (Fig. 4) . Thus, our study suggests that surface GRP78 could be a novel target for high-grade glioma treatment. Our results have promising clinical implications in advancing cancer-specific therapy. GRP78 has been shown to not form mutations and its overexpression is known to be induced by tumour microenvironments 15 . In addition, GRP78 induction has been linked to the development of resistance to various cytotoxic agents 16, 17 . Thus, GRP78, and in our case surface GRP78, is an attractive target receptor of cancer cells and can act as a site of delivery of anticancer drugs and consequent suppression of cancer viability. Agents inhibiting the synthesis, stability or activity of surface GRP78 can suppress the protein's function in cancer proliferation 4 and can be used in conjunction with other standard cytotoxic agents to enhance efficacy of anticancer treatment for glioma and other highly metastatic and resistant cancers exhibiting surface GRP78.
Since glioblastoma, the glioma of the highest tumour grade, has the highest expression of GRP78 among cancers, it is the ideal cell model for studying the role of GRP78 in highly metastatic cancers. However, since our (B) Growth curves were monitored with crystal violet staining at indicated time points. Stain was dissolved and the absorbance measured at 560 nm. The results are presented as the mean values ± standard deviation of triplicate determinations. The data were analysed using a student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001). IgG and N-20 indicate goat IgG isotype and polyclonal N-20 antibody treatment, respectively. study utilizes cell lines of glioma, the use of in vivo or ex vivo methods to confirm our findings would strengthen our claim that surface GRP78 is indeed involved in the pro-proliferative and antiapoptotic mechanisms of glioma. Further investigation is also warranted on the mechanisms involving surface GRP78 in order to further understand the role of surface GRP78 in cancer cell proliferation. Moreover, analysing the causes of GRP78 surface expression in cancer cells but not in non-cancer cells can be greatly beneficial for postulating specific cancers that highly express surface GRP78. This paper opens new areas of investigation which would greatly benefit the prognosis of gliomas and other brain tumours strongly expressing GRP78.
Methods
Gene expression analysis. To investigate the cell-specific expression level of GRP78 in human tissues, we used an online tool Gene Enrichment Profiler (http://xavierlab2.mgh.harvard.edu/EnrichmentProfiler/index.html). In this database, the expression enrichment of any set of query genes was computed on the basis of a reference set obtained from 126 normal tissues and 16 cancer types represented by 649 microarrays 18 .
Cell cultures. Human lung adenocarcinoma cell line (A549), human anaplastic glioma cell lines (WHO grade III, Hs 683 and U-373 MG) and human GBM cell lines (WHO grade IV, T98G, A172 and U-87 MG) were purchased from the Korean Cell Line Bank (Seoul National University, Republic of Korea). These cell lines were cultured in Dulbecco's modified Eagle's medium (Gibco, USA), supplemented with 10% fetal bovine serum (Gibco, USA) and 1% penicillin-streptomycin antibiotics (Gibco, USA). All cell lines were maintained at 37 °C in a humidified atmosphere of 5% CO 2 in air.
Isolation of plasma membrane and cytosol protein. Plasma membrane and cytosol protein were isolated using a membrane protein extraction kit (Abcam, UK). In brief, cells were scraped and washed with cold PBS. Cells were re-suspended and homogenized in an ice-cold dounce homogenizer, then centrifuged at 700 × g for 10 minutes at 4 °C. Supernatants were collected and centrifuged at 10,000 × g for 30 minutes at 4 °C. The supernatants (cytosol) were collected and the pellets as the total cellular membrane protein were re-suspended in upper and lower phase solution. The lysates were centrifuged at 3,500 rpm for 5 minutes with the resulting pellets (plasma membrane) collected.
Immunoblotting. Glioma cell lines were lysed in RIPA buffer (Sigma, USA), supplemented with competent protease inhibitor cocktail tablet (Roche Applied Science, Germany). Cell lysates were then centrifuged at 15,000 rpm for 20 minutes at 4 °C. The proteins were resolved on 10% sodium dodecyl sulfate polyacrylamide gel, followed by electrotransfer to a nitrocellulose membrane. Target protein was probed with the indicated antibody as follows: mouse monoclonal anti-GRP78 antibody (BD biosciences, USA), rabbit polyclonal anti-EGFR antibody (Santa Cruz Biotechnology, USA) and rabbit polyclonal anti-total JNK antibody (Cell signalling, USA). Immunodetection was carried out using HRP-labelled secondary antibody and then protein levels were detected with an ECL substrate (Bio-Rad, USA). 
Murin
for 4 hours, and formazan crystals formed in cells were dissolved by stop solution. Absorbance was measured at 570 nm using an EnSpire plate reader (Perkin-Elmer, USA).
Growth curve assay.
The glioma cell lines were seeded in a 96 well plate at a density of 1 × 10 3 cells/well and incubated overnight. Then the culture media was changed to 200 μ L conditioned media which has 4 μ g/mL goat polyclonal N-20 antibody or the control goat isotype IgG (Sigma, USA). These cells were allowed to grow for 7 days total. At 1, 5 and 7 days of incubation, the cells were fixed and stained with crystal violet staining solution for 20 minutes. Stained cells were washed three times with deionized water and allowed to air-dry. Then 10% acetic acid was added to each well to dissolve the stain. Absorbance was measured at 560 nm using an EnSpire plate reader.
